Sustainable biofuel production from renewable biomass will require the efficient and complete use of all abundant sugars in the plant cell wall. Using the cellulolytic fungus Neurospora crassa as a model, we identified a xylodextrin transport and consumption pathway required for its growth on hemicellulose. Successful reconstitution of this xylodextrin utilization pathway in Saccharomyces cerevisiae revealed that fungal xylose reductases act as xylodextrin reductases, and together with two hydrolases, generate intracellular xylose and xylitol. Xylodextrin consumption using xylodextrin reductases and tandem intracellular hydrolases greatly expands the capacity of yeasts to use plant cell wall-derived sugars, and should be adaptable to increase the efficiency of both first-generation and next-generation biofuel production.
The biological production of biofuels and renewable chemicals from plant biomass requires an economic way to convert complex carbohydrate polymers from the plant cell wall into simple sugars that can be fermented by microbes (Carroll and Somerville 2009, Chundawat, Beckham et al. 2011) . In current industrial methods, cellulose and hemicellulose, the two major polysaccharides found in the plant cell wall (Somerville, Bauer et al. 2004) , are generally processed into monomers of glucose and xylose, respectively (Chundawat, Beckham et al. 2011) . However, in addition to harsh pretreatment of biomass, large quantities of cellulase and hemicellulase enzyme cocktails are required to release monosaccharides from plant cell walls, posing unsolved economic and logistical challenges (Lynd, Weimer et al. 2002 , Himmel, Ding et al. 2007 , Jarboe, Zhang et al. 2010 , Chundawat, Beckham et al. 2011 ). The bioethanol industry currently uses the yeast Saccharomyces cerevisiae to ferment sugars derived from cornstarch or sugarcane into ethanol (Hong and Nielsen 2012) , but S. cerevisiae requires substantial engineering to be able to ferment sugars derived from plant cell walls such as cellobiose and xylose (Kuyper, Hartog et al. 2005 , Jeffries 2006 , Ha, Galazka et al. 2011 , Hong and Nielsen 2012 , Young, Tong et al. 2014 .
In contrast to S. cerevisiae, many cellulolytic fungi including Neurospora crassa (Tian, Beeson et al. 2009 ) naturally grow well on both the cellulose and hemicellulose components of the plant cell wall. By using transcription profiling data (Tian, Beeson et al. 2009 ) and by analyzing growth phenotypes of N. crassa knockout strains, we identified separate pathways used by N. crassa to consume cellodextrins (Galazka, Tian et al. 2010 ) and xylodextrins released by its secreted enzymes (Figure 1A and (Method 2014) . A strain carrying a deletion of a previously-identified cellodextrin transporter (CDT-2, NCU08114) (Galazka, Tian et al. 2010 ) was unable to grow on xylan (Figure 1-figure supplement 2) , and xylodextrins remained in the culture supernatant (Figure 1-figure supplement 3) . As a direct test of transport function of CDT-2, S. cerevisiae strains expressing cdt-2 were able to import xylobiose, xylotriose and xylotetraose (Figure 1-figure supplement 4) .
Notably, N. crassa expresses a putative intracellular β-xylosidase, GH43-2 (NCU01900), when grown on xylan (Sun, Tian et al. 2012) . Purified GH43-2 displayed robust hydrolase activity towards xylodextrins with a degree of polymerization (DP) spanning from 2 to 8, and with a pH optimum near 7 (Figure 1-figure supplement 5) .
The results with CDT-2 and GH43-2 confirm those obtained independently in (Cai, Gu et al. 2014) . As with CDT-1, orthologues of CDT-2 are widely distributed in the fungal kingdom (Galazka, Tian et al. 2010 ), suggesting that many fungi consume xylodextrins derived from plant cell walls. Furthermore, as with intracellular β-glucosidases (Galazka, Tian et al. 2010) , intracellular β-xylosidases are also widespread in fungi (Sun, Tian et al. 2012) (Figure 1-figure supplement 6 ).
Cellodextrins and xylodextrins derived from plant cell walls are not catabolized by wild-type S. cerevisiae (Matsushika, Inoue et al. 2009 , Galazka, Tian et al. 2010 , Young, Lee et al. 2010 ). Reconstitution of a cellodextrin transport and consumption pathway from N. crassa in S. cerevisiae enabled this yeast to ferment cellobiose (Galazka, Tian et al. 2010) . We therefore reasoned that expression of a functional xylodextrin transport and consumption system from N. crassa might further expand the capabilities of S. cerevisiae to utilize plant-derived xylodextrins as a source of carbon.
Previously, S. cerevisiae was engineered to consume xylose by introducing xylose isomerase (XI), or by introducing xylose reductase (XR) and xylitol dehydrogenase (XDH) (Jeffries 2006 , Matsushika, Inoue et al. 2009 ). To test whether S. cerevisiae could utilize xylodextrins, a S. cerevisiae strain was engineered with the XR/XDH pathway derived from Scheffersomyces stipitis-similar to the one utilized by N. crassa (Sun, Tian et al. 2012 )-and a xylodextrin transport and consumption pathway from N. crassa. The xylose utilizing yeast expressing CDT-2 along with the intracellular βxylosidase GH43-2 was able to directly utilize xylodextrins with DPs of 2 or 3 ( Figure   1B and Figure 1-figure supplement 7) .
Notably, although high cell density cultures of the engineered yeast were capable of consuming xylodextrins with DPs up to 5, xylose levels remained high (Figure 1C ), suggesting the existence of severe bottlenecks in the engineered yeast. These results mirror those of a previous attempt to engineer S. cerevisiae for xylodextrin consumption, in which xylose was reported to accumulate in the culture medium (Fujii, Yu et al. 2011 ).
Analyses of the supernatants from cultures with xylodextrins surprisingly revealed that the xylodextrins were converted into xylosyl-xylitol oligomers, a set of previously unknown compounds, by the engineered yeast, rather than hydrolyzed to xylose and consumed (Figure 2A and Figure 2-figure supplement 1) . The resulting xylosylxylitol oligomers were effectively dead-end products that could not be metabolized further.
Since the production of xylosyl-xylitol oligomers as intermediate metabolites has not been reported, the molecular components involved in their generation were examined. To test whether the xylosyl-xylitol oligomers resulted from side reactions of xylodextrins with endogenous S. cerevisiae enzymes, we used two separate yeast strains in a combined culture, one containing the xylodextrin hydrolysis pathway composed of CDT-2 and GH43-2, and the second engineered with the XR/XDH xylose consumption pathway. The strain expressing CDT-2 and GH43-2 would cleave xylodextrins to xylose, which could then be secreted via endogenous transporters (Hamacher, Becker et al. 2002) and serve as a carbon source for the strain expressing the xylose consumption pathway (XR and XDH). By contrast, the engineered yeast expressing XR and XDH would only be capable of consuming xylose (Figure 1B) .
When co-cultured, these strains consumed xylodextrins without producing the xylosylxylitol byproduct (Figure 2-figure supplement 2) . These results indicate that endogenous yeast enzymes and GH43-2 transglycolysis activity are not responsible for generating the xylosyl-xylitol byproducts, i.e. that they must be generated by the XR from S. stipitis (SsXR).
Fungal xylose reductases such as SsXR have been widely used in industry for xylose fermentation. However, the structural details of substrate binding to the XR active site have not been established. To explore the molecular basis for XR reduction of oligomeric xylodextrins, the structure of Candida tenuis xylose reductase (CtXR) (Kavanagh, Klimacek et al. 2002) , a close homologue of SsXR, was analyzed. CtXR contains an open active site cavity where xylose could bind, located near the binding site for the NADH co-factor (Kavanagh, Klimacek et al. 2002 , Kratzer, Leitgeb et al. 2006 . Notably, the open shape of the active site can readily accommodate the binding of longer xylodextrin substrates ( Figure 2B ). Using computational docking algorithms (Trott and Olson 2010) , xylobiose was found to fit well in the pocket. Furthermore, there are no obstructions in the protein that would prevent longer xylodextrin oligomers from binding ( Figure 2B ).
We reasoned that if the xylosyl-xylitol byproducts are generated by fungal XRs like that from S. stipitis, similar side products should be generated in N. crassa, thereby requiring an additional pathway for their consumption. Consistent with this hypothesis, xylose reductase XYR-1 (NCU08384) from N. crassa also generated xylosyl-xylitol products from xylodextrins ( Figure 2C ). However, when N. crassa was grown on xylan, no xylosyl-xylitol byproduct accumulated in the culture medium ( (Figure 2E ), suggesting that it is used by a variety of microbes in the consumption of xylodextrins. Indeed, GH43-7 enzymes from the bacteria Bacillus subtilis and Escherichia coli cleave both xylodextrin and xylosylxylitol ( Figure 2F) .
We next tested whether integration of the complete xylodextrin consumption pathway would overcome the poor xylodextrin utilization by S. cerevisiae (Figure 1 ) (Fujii, Yu et al. 2011) . When combined with the original xylodextrin pathway (CDT-2 plus GH43-2), GH43-7 enabled S. cerevisiae to grow more rapidly on xylodextrin ( Using yeast as a test platform, we identified a xylodextrin consumption pathway in N. crassa (Figure 4) that surprisingly involves a new metabolic intermediate likely to be widely produced in nature by many fungi and bacteria. In bacteria, xylosyl-xylitol may be generated by aldo-keto reductases known to possess broad substrate specificity (Barski, Tipparaju et al. 2008) . The discovery of the xylodextrin consumption pathway along with cellodextrin consumption (Galazka, Tian et al. 2010) in cellulolytic fungi for the two major sugar components of the plant cell wall now provides many modes of engineering yeast to ferment plant biomass-derived sugars (Figure 4) . Although XI could in principle replace the XR/XDH part of the pathway for producing intracellular xylulose, the XR/XDH pathway provides significant advantages in realistic fermentation conditions with sugars derived from hemicellulose. The breakdown of hemicellulose, which is acetylated (Sun, Tian et al. 2012) , releases highly-toxic acetate, degrading the performance of S. cerevisiae fermentations (Bellissimi, van Dijken et al. 2009 , Sun, Tian et al. 2012 ). The excess reducing power generated by the XR/XDH pathway, initially deemed a problem, can be exploited to drive acetate reduction, thereby detoxifying the fermentation medium and increasing ethanol production (Wei, Quarterman et al. 2013) .
With optimization, the newly-identified xylodextrin consumption pathway provides new opportunities to expand first-generation bioethanol production from cornstarch or sugarcane to include hemicellulose from the plant cell wall. Figure 2D were resolved by ion-exclusion HPLC. Peak areas were used to quantify the concentration of substrates and products at the end of the reaction. 
Materials and Methods
Neurospora crassa strains N. crassa strains obtained from the Fungal Genetics Stock Center (FGSC) (22) include the WT (FGSC 2489), and deletion strains for the two oligosaccharide transporters: NCU00801 (FGSC 16575) and NCU08114 (FGSC 17868).
Neurospora crassa growth assay
Conidia were inoculated at a concentration equal to 10 6 conidia per mL in 3 mL Vogel's salts (Vogel 1956) Images were taken at 48 hours. Culture supernatants were diluted 200 times with 0.1 M NaOH before Dionex high-performance anion exchange chromatographic (HPAEC) analysis, as described below.
Plasmids and yeast strains
Template gDNA from the N. crassa WT strain (FGSC 2489) and from the S. cerevisiae S288C strain was extracted as described in (http://www.fgsc.net/fgn35/lee35.pdf) and (24). Open reading frames (ORFs) of the β-xylosidase genes NCU01900 and NCU09652 (GH43-2 and GH43-7) were amplified from the N. crassa gDNA template.
For biochemical assays, each ORF was fused with a C-terminal His 6 -tag and flanked with the S. cerevisiae P TEF1 promoter and CYC1 transcriptional terminator in the 2µ yeast plasmid pRS423 backbone. Plasmid pRS426_NCU08114 was described previously (Galazka, Tian et al. 2010) . Plasmid pLNL78 containing the xylose utilization pathway (xylose reductase, xylitol dehydrogenase, and xylulose kinase) from Scheffersomyces stipitis was obtained from the lab of John Dueber (Latimer, Lee et al. 2014) . Plasmid pXD2, a single-plasmid form of the xylodextrin pathway, was constructed by integrating NCU08114 and NCU01900 expression cassettes into pLNL78, using the In-Fusion cloning kit (Clontech). Plasmid pXD8.4 derived from plasmid pRS316 (Sikorski and Hieter 1989) was used to express CDT-2 and GH43-2, each from the P CCW12 promoter. Plasmid pXD8.6 was derived from pXD8.4 by replacing the GH43-2 ORF with the ORF for GH43-7. pXD8.7 contained all three expression cassettes (CDT-2, GH43-2 and GH43-7) using the P CCW12 promoter for each. S. cerevisiae strain D452-2 (MATa leu2 his3 ura3 can1) (Kurtzman 1994 ) and SR8U (the uracil autotrophic version of the evolved xylose fast utilization strain SR8) (Kim, Skerker et al. 2013) were used as recipient strains for the yeast experiments. The ORF for N. crassa xylose reductase (xyr-1, NcXR) was amplified from N. crassa gDNA and the introns were removed by overlapping PCR. XR ORF was fused to a C-terminal His 6 -tag and flanked with the S. cerevisiae P CCW12 promoter and CYC1 transcriptional terminator, and inserted into plasmid pRS313.
A list of the plasmids used in this study can be found in Table S1 .
Yeast cell-based xylodextrin uptake assay
S. cerevisiae was grown in an optimized minimum medium (oMM) lacking uracil into late log phase. The oMM contained 1.7 g/L YNB (Sigma, Y1251), 2-fold appropriate CSM dropout mixture, 10 g/L (NH 4 ) 2 SO 4 , 1 g/L MgSO 4 . 7H 2 O, 6 g/L KH 2 PO 4 , 100 mg/L adenine hemisulfate, 10 mg/L inositol, 100 mg/L glutamic acid, 20 mg/L lysine, 375 mg/L serine and 100 mM 4-morpholineethanesulfonic acid (MES), pH 6.0 (Lin, Chomvong et al. Submitted) . Cells were then harvested and washed three times with assay buffer (5mM MES, 100 mM NaCl, pH 6.0) and resuspended to a final OD600 of 40. Substrate stocks were prepared in the same assay buffer at a concentration of 200 µM. Transport assays were initiated by mixing equal volumes of the cell suspension and the substrate stock. Reactions were incubated at 30 °C with continuous shaking for 30 minutes. Samples were centrifuged at 14,000 rpm at 4 °C for 5 minutes to remove yeast cells. 400 µL of each sample supernatant was transferred to an HPLC vial containing 100 µL 0.5 M NaOH, and the concentration of the remaining substrate was measured by HPAEC as described below.
Enzyme purification
S. cerevisiae strains transformed with pRS423_GH43-2, pRS423_GH43-7, or pRS313_NcXR were grown in oMM lacking histidine with 2% glucose until late log phase before harvesting by centrifugation. E. coli strains BL21DE3 transformed with pET302_BsGH43-7 or pET302_EcGH43-7 were grown in TB medium, induced with 0.2 mM IPTG at OD600 of 0.8, and harvested by centrifugation 12 hours after induction.
Yeast or E. coli cell pellets were resuspended in a buffer containing 50 mM Tris-HCl, lysed with an Avestin homogenizer, and the clarified supernatant was loaded onto a HisTrap column (GE Healthcare). His-tagged enzymes were purified with an imidazole gradient, buffer-exchanged into 20 mM Tris-HCl, 100 mM NaCl, pH 7.4, and concentrated to 5 mg/mL.
Enzyme assays
For the β-xylosidase assay of GH43-2 with xylodextrins, 0.5 µM of purified enzyme was incubated with 0.1% in-house prepared xylodextrin or 1 mM xylobiose (Megazyme) in 1x PBS at 30 °C. Reactions were sampled at 30 min and quenched by adding 5 volumes of 0.1 M NaOH. The products were analyzed by HPAEC as described below.
For pH profiling, acetate buffer at pH 4.0, 4.5, 5.0, 5.5, 6.0, and phosphate buffer at 6.5, 7.0, 7.5, 8 were added at a concentration of 0.1 M. For the β-xylosidase assay of GH43-2 and GH43-7 with xylosyl-xylitol, 10 µM of purified enzyme was incubated with 4.5 mM xylosyl-xylitol and 0.5 mM xylobiose in 20 mM MES buffer, pH = 7.0, and 1 mM CaCl 2 at 30 °C. Reactions were sampled at 3 hours and quenched by heating at 99 °C for 10 min.
The products were analyzed by ion-exclusion HPLC as described below.
For the xylose reductase assays of NcXR, 1 µM of purified enzyme was incubated with 0.06% xylodextrin and 2 mM NADPH in 1x PBS at 30 °C. Reactions were sampled at 30 min and quenched by heating at 99 °C for 10 min. The products were analyzed by LC-QToF as described below.
Oligosacchride preparation
Xylodextrin was purchased from Cascade Analytical Reagents and Biochemicals or prepared according to published procedures (Akpinar, Erdogan et al. 2009) 
Ion-exclusion HPLC analysis
Ion-exclusion HPLC was performed on a Shimadzu Prominence HPLC equipped with a refractive index detector. Samples were resolved on an ion exclusion column (Aminex HPX-87H Column, 300 x 7.8 mm, Bio-Rad) using a mobile phase of 0.01 N H 2 SO 4 at a flow rate of 0.6 mL/min at 50 ºC.
HPAEC analysis
HPAEC analysis was performed on a ICS-3000 HPLC (Thermo Fisher) using a CarboPac PA200 analytical column (150 x 3 mm) and a CarboPac PA200 guard column (3 × 30 mm) at 30 °C. Following injection of 25 µL of diluted samples, elution was performed at 0.4 mL/min using 0.1 M NaOH in the mobile phase with sodium acetate gradients. For xylodextrin and xylosyl-xylitol separation, the acetate gradients were 0 mM for 1 min, increasing to 80 mM in 8 min, increasing to 300 mM in 1 min, keeping at 30 mM for 2 min, followed by re-equilibration at 0 mM for 3 min. Carbohydrates were detected using pulsed amperometric detection (PAD) and peaks were analyzed and quantified using the Chromeleon software package.
Mass spectrometric analyses
All mass spectrometric analyses were performed on an Agilent 6520 Accurate-Mass Q-TOF coupled with an Agilent 1200 LC. Samples were resolved on a 100x 7.8 mm Rezex RFQ-Fast Fruit H+ 8% column (Phenomenex) using a mobile phase of 0.5% formic acid at a flow rate of 0.3 mL/min at 55 ºC.
To determine the accurate masses of the unknown metabolites, 2 µL of 1:100 diluted yeast culture supernatant was analyzed by LC-QTOF. Nitrogen was used as the instrument gas. The source voltage (Vcap) was 3,000 V in negative ion mode, and the fragmentor was set to 100 V. The drying gas temperature was 300 °C; drying gas flow was 7 L/min; and nebulizer pressure was 45 psi. The ESI source used a separate nebulizer for the continuous, low-level introduction of reference mass compounds (112.985587, 1033.988109) to maintain mass axis calibration. Data was collected at an acquisition rate of 1 Hz from m/z 50 to 1100, and stored in centroid mode. To quantify the carbohydrates and carbohydrate derivatives in the culture, culture supernatants were diluted 100-fold in water and 2 µL was analyzed by LC-QToF.
LC
Spectra were imported to Qualtitative Analysis module of Agilent MassHunter Workstation software using m/z and retention time values obtained from the calibration samples to search for the targeted ions in the data. These searches generated extracted ion chromatograms (EICs) based on the list of target compounds. Peaks were integrated and compared to the calibration curves to calculate the concentration.
Calibration curves were calculated from the calibration samples, prepared in the same oMM medium as all the samples, and curve fitting for each compound resulted in fits with R 2 values of 0.999. 4-morpholineethanesulfonic acid (MES), the buffer compound in the oMM medium with constant concentration and not utilized by yeast, was used as an internal standard (IS) for concentration normalization.
